Due to the multidisciplinary nature of landscape research, many different systems and methods for landscape identification and classification exist. This paper provides a systematic review of 54 contemporary landscape characterisation approaches from all over the world, with the aim of identifying major methodological strategies. Multivariate statistical analyses revealed segregation of the approaches according to the landscape concept applied, the degree of observer independence and various other factors involved in the landscape characterisation process. Our review confirmed a major distinction between approaches rooted in the natural sciences and approaches rooted in the arts and the humanities. Three substantially different methodological approaches or strategies were identified: 1) 'holistic' landscape character assessment approaches, by which visual perception and socio-cultural aspects of the landscape are emphasised; 2) landscape characterisation methods based on a priori selection of geo-ecological and land-use-related properties of the landscape; and 3) biophysical landscape characterisation approaches which rely strongly on statistical analyses in order to identify gradients of variation in the presence and/or abundance of landscape elements and properties. Assessment of landform and the composition of natural and human landscape elements was a central part of all of the reviewed methods. A trend towards increasing observer-independence over time was identified.
Introduction
There is an increasing need for planning and management strategies that combine preservation of landscape diversity with sustainable use of land resources (Council of Europe, 2000; Wascher, 2005; Kim and Pauleit, 2007; Mücher et al., 2010; Hazeu et al., 2011) . 'Landscape' is often regarded as a unifying concept within integrated environmental research (Fry, 2001; Sayer et al., 2013) , and 'landscape approaches' to integrated land management have recently gained considerable attention, both in the scientific literature and in other international fora (Reed et al., 2017) . In addition, the landscape level is central in specialised scientific studies, e.g. as a main level of organisation within the hierarchy of biodiversity levels (Noss, 1983 (Noss, , 1990 .
The European Landscape Convention (ELC; Council of Europe, 2000) leaves it to the parties (the countries that have ratified the convention) themselves to identify the landscapes of their territories, to analyse their characteristics, to identify the forces and pressures that may impact them, and to implement strategies for landscape management, planning and protection. All of these tasks are challenging and call for a foundation that consists of systematised knowledge about the variation at the range of spatial scales that define the landscape level, i.e. a typology of landscapes. With nation-wide coverage, such a typology may provide a framework for landscape research, monitoring, management and planning (Blankson and Green, 1991; Bastian, 2008; Brabyn, 2009; Chuman and Romportl, 2010; Mücher et al., 2010; Erikstad et al., 2015) .
The complex, varied and continuous landscape can be understood better when classified in types and spatial units (Christian, 1958; Antrop and Van Eetvelde, 2017) . Regardless of approach, any system for spatial landscape characterisation inevitably implies a strong simplification of the almost infinite variability in landscapes, into spatial units suitable for communication in management and research (Bunce et al., 1996b; Hazeu et al., 2011) . Critical for typologies to gain general acceptance, for landscape units as well as for all other properties that can be generalised into types, is that they are developed by use of explicitly stated rules by repeatable procedures (Brabyn, 2005; Mücher et al., 2010) . Establishing such rules and procedures is a challenging process because landscapes share with ecosystems (Whittaker, 1967; Økland, 1990 ) the property that, by and large, their composition, structure and processes vary in a gradual, continuous manner along multiple 'directions of gradual variation'. The multidimensional structure of the physical landscape makes all approaches involving https://doi.org/10.1016/j.landusepol.2018.04.022 Received 30 October 2017; Received in revised form 9 April 2018; Accepted 9 April 2018 classification artificial, because they involve drawing boundaries in a basically continuous environment, with its correspondingly continuous change in composition of landscape elements. The numerous characterisation approaches that have been, and are still in use, for description of the structure of the landscape are per se a proof that no single correct characterisation method exists. Alfred Hettner mentioned already in 1928 that there are no right and wrong landscape classifications, but appropriate and unsuitable ones (Hettner, 1928) . Thus, choice of characterisation method and spatial resolution should rely on user needs, and which information is available with full area coverage for the study area.
Due to the multidisciplinary nature of landscape research, different systems and methods for landscape identification and classification exist. These are rooted in different traditions and mostly also in different, related disciplines such as geography, geology, geomorphology, ecology, history, archaeology and landscape architecture. Depending on their scientific rooting, these systems and characterisation methods emphasise different aspects of the landscape to variable degrees, and address variation in landscape properties on different spatial and temporal scales (Wascher, 2005; Mücher et al., 2010; Sayer et al., 2013) .
In any discussion of landscape characterisation, 'the elephant in the room is the question of just what a landscape is' (Olwig et al., 2016) : there has been, and still is, considerable debate about how the term should be understood and the term's legitimacy (Jones, 1991; Bastian, 2008; Sandström and Hedfors, 2018) . Several authors (Antrop, 2000; Bastian, 2008; Brabyn, 2009; Sarlöv Herlin, 2016 ) divide landscape research into two different traditions: a) a biophysical approach to landscape characterisation rooted in the natural sciences, and b) a landscape character assessment tradition rooted in arts and the humanities. The former, adopted by physical geographers and landscape ecologists, define landscape units as tangible and physically delineated areas on the Earth's surface (Bastian, 2008) . The biophysical tradition is consistent with the German meaning of the word 'Landschaft', originally used to describe the physical content of an area or a region (Antrop and Van Eetvelde, 2017) . The scientific history of biophysical landscape research dates back to the systematic landscape descriptions during the naturalistic explorations (e.g. von Humboldt and Bonpland, 1807) . Important contributions from the period up to 1990 include references such as Berg (1915); Schlüter (1920); Troll (1939); Solnetsev (1948); Christian (1958); Vinogradov et al. (1962); Neef (1967); Noss (1983); Forman and Godron (1986) and Zonneveld (1989) .
The latter tradition contrasts definitions of landscape commonly used in landscape ecology and natural geography (Jones et al., 2007; Erikstad et al., 2015) by making the landscape units dependent on human perception and sociocultural relations to areas. This concept is implicit in the definition of landscape adopted by the ELC (Council of Europe, 2000) , as '(…) an area, as perceived by people (…)', with resemblance to the British meaning of the word 'landscape', namely a scenery (Antrop and Van Eetvelde, 2017) . This concept has roots in fields such as landscape painting, aesthetic theory and cultural geography (Plieninger et al., 2015) . Classical references include e.g. Sauer (1925) ; Granö (1929); Lynch (1960) ; Litton (1972) ; Cosgrove (1984) ; Zube (1984) and Bourassa (1991) , while good overviews are provided by Zube et al. (1982) and Tveit et al. (2006) .
Landscape characterisation and assessment (LCA) methods developed in the UK and France in the early 1990s (e.g. Swanwick, 2002) and have become central in landscape characterisation throughout Europe (Van Eetvelde and Antrop, 2009; Butler and Berglund, 2014) . LCA-methods aim to integrate natural and cultural aspects of landscapes, and people's perceptions, whilst forming a spatial framework for planning and development. While many perception-based approaches explicitly deal with identification of landscape values, LCAapproaches draw an important distinction between two stages: the relatively value-free process of characterisation and the subsequent making of judgements and value assessment based on knowledge of landscape character (Swanwick, 2002) .
Testing the validity of the result is one of the most problematic aspects of any landscape characterisation (Bunce et al., 1996b; Alcántara Manzanares and Muñoz Álvarez, 2015) . Traditional landscape characterisation methods are inductive; knowledge of the landscape emerges from a general-purpose, intuitive and descriptive investigation by the expert, guided by approaches of available maps and other sources (Bunce et al., 1996b) . No hypothesis is formulated initially, and no statistical testing of the results occurs. Furthermore, the validity of a method needs to be measured against the purpose of the characterisation process. Within a biophysical landscape concept, validity means whether the landscape is correctly classified according to the applied method, and to what extent the method is based upon empirical evidence. Within methods that put emphasis on human perception and cultural relations, validity may be evaluated by different means, e.g. whether the results of the characterisation is in concordance with how a representative sample of the population actually perceive the landscape, or relate to it. A major challenge with the ELC landscape definition has been to operationalise and validate the phrase 'as people perceive it': persons with different backgrounds, attitudes and interests will tend to perceive landscapes differently (Kaltenborn and Bjerke, 2002; Erikstad et al., 2015) , and human perception may also vary with landscape type (Tveit et al., 2006; Sevenant and Antrop, 2009) .
Briefly summarised, the landscape may be studied as an object in the natural sciences, as a social construct, or as an aesthetic object (Cosgrove, 2008) . Each of these ways has its proper definitions, vocabulary and methods, and each way demands proper skills and specialisation (Antrop and Van Eetvelde, 2017) . No single method for landscape characterisation can possibly suit all purposes. A comprehensive analysis of landscape typologies in Europe (Groom, 2005) showed considerable differences between typologies adopted for different European countries. Several sets of landscape properties, which are referred to as six 'dimensions' by Groom (2005) , are addressed in landscape-type mapping and landscape character assessment: (1) the biophysical dimensions; (2) landscape ecological issues; (3) socio-economic-technical dimensions; (4) historical dimensions; (5) human-aesthetic dimensions; and (6) user participation and policy dimensions.
A proliferation of approaches to landscape characterisation has taken place in the recent decades, with a rapid increase in the number of publications since 1990 (Groom, 2005) . This proliferation has continued also after 2005, as indicated by comprehensive overviews (Antrop and Van Eetvelde, 2017 ) and reviews in landscape research and comparable fields (Tveit et al., 2006; Brunetta and Voghera, 2008; Hazeu et al., 2011; Vallés et al., 2013; Plieninger et al., 2016; Vogiatzakis et al., 2017) . One reason, among others, is the improved availability of advanced statistical analysis methods in combination with geographical information systems (GIS) and area-coverage of information relevant for the landscape scale in open databases, which have provided new opportunities for systematising landscape variation in a more observer-independent manner (Alcántara Manzanares and Muñoz Álvarez, 2015) . By 'observer-independent' we mean that a method is transparent and repeatable, in the sense that any person, accepting the method and the evidence, is likely to reach the same conclusion in the study (McHarg, 1969) . A high degree of observerindependence is a prerequisite for specific research questions within landscape ecology and physical geography, such as the spatial distribution and abundance of landscape types and landscape elements, quantification, assessment and predictions of landscape changes and studies of patterns, structure and processes in the landscape. Degree of observer independence is thus of particular interest for scientists within these fields, because this attribute will directly affect the relevance of a landscape characterisation study for their purposes.
Older and more recent approaches to landscape characterisation have evolved within different traditions. The various methods and approaches therefore differ in landscape concept applied, spatial resolution, complexity, degree of observer independence, and the extent to which the different elements in the landscape are taken into account in the characterisation process. With a background within the fields of physical geography, ecology and landscape architecture, we have observed that methodological properties directly determine the applicability and usefulness of an approach for subsequent use within each sub-discipline.
This diversity of methods and approaches for landscape characterisation calls for a systematic review that addresses how and to which degree the various methods differ and, if possible, a sorting of them into distinct traditions or 'schools'.
The aim of this study is thus to identify relationships (and, implicitly, differences) between a selection of recent landscape characterisation methods. The following research questions are specifically addressed:
(i) What are the main methodological characteristics of the various landscape characterisation methods and how are the methods related? (ii) Which landscape characteristics are used to identify landscape types and/or landscape character areas by the various characterisation methods? (iii) How do the choice of landscape concept relate to the methodology used for landscape characterisation?
2. Material and methods
Terminology
For the purpose of the study, we define the term 'landscape' as 'a geographical area, characterised by its content of observable, natural and human-induced, landscape elements'. This definition encompasses the physical content of areas without necessarily excluding human perception, and allow for a broad inter-disciplinary comparison among approaches. We recognise that landscapes may vary in size, down to less than a few kilometres in diameter, while 'landscape elements' are usually identifiable in aerial photography and often range from 10 m to 1 km in width (Forman and Godron, 1986) . 'Landscape element' is defined as 'a natural or human-induced object, category or characteristic, including ecosystem type, which is observable at landscape scale' (Erikstad et al., 2015) . 'Biophysical landscape concept' is used in the review to describe methods concerned with the material content of the landscape (natural and man-made landscape elements), while the term 'holistic' is applied to landscape concepts that include human perception and cultural relations to areas. Both landscape concepts are clearly different from related concepts; terms such as 'land' and 'territory' are less integrative and more related to property rights and territorial ownership, while the term 'region' is normally used for areas with a larger areal extent than landscapes. The terms 'community' and 'environment' are used for the livings organisms that occur together within an area and their surroundings (biotic or abiotic), respectively, while the term 'ecosystem' is used for the community and the environment and the mechanisms and processes that regulate relationships between these components (Tansley, 1935) . The term 'landscape characterisation' is here defined as a collective term for systematic, area-covering identification, classification and/or character assessment of landscapes. In line with Swanwick (2002) we differentiate between landscape characterisation and value judgements or quality assessments, although the former may be a knowledge base for the latter.
Selection of approaches for the review
The review process started with a broad scoping of articles that provide a method for general-purpose landscape characterisation. Scoping was performed in accordance with the guidelines for systematic reviews in environmental management (Collaboration for Environmental Evidence, 2013). From a selection of 183 potentially relevant references, a subset of 54 references that satisfied all of the following nine criteria were selected for the review (Table 1) : a) publicly available, i.e. published in peer reviewed scientific journals, other academic literature, influential guidelines, handbooks and guidance material; b) available in digital form, c) written in, or translated to, English or Germanic languages d) published 1990-2016; e) clearly aiming at identification, classification or, more broadly, characterisation, of landscapes based on their content of landscape elements (studies with a scope that is restricted to judgement of landscape value, or that characterise landscapes by use of very few selected aspects of the landscape, are not included); f) addressing general patterns of observable landscape variation, including physical, ecological and land-use/land-cover characteristics; g) applying a method for terrestrial area-covering landscape characterisation that is explicitly described or deducible from the end result; h) containing an application of this method to a specific study area which is divided into discrete landscape units; and i) containing a map representation of the distribution of landscape units, to scale less detailed than 1:20 000
For eleven studies (marked with an asterisk in Table 1 ), the detailed descriptions in Wascher (2005) was used as our main source of information.
Criterion (e) excludes approaches that restrict themselves to one 'dimension', e.g. that only take human-aesthetic or visual perception criteria (e.g. Tetlow and Sheppard, 1979) or a small and thematically restricted set of biophysical criteria such as landforms (e.g. Menz and Richters, 2009) or landscape ecological diversity, patterns, structure, connectivity, heterogeneity (Hou and Walz, 2013; Walz, 2015) , into account. Furthermore, this criterion excludes ethnoclassifications of landscapes (e.g. Roba and Oba, 2009; Riu-Bosoms et al., 2015) , historical landscape classifications (e.g. Antrop, 1997; Fairclough, 1999; Turner, 2006) and agricultural landscape classifications (e.g. van der Zanden et al., 2016) . Criterion (f) excludes methods for site-specific landscape analysis (e.g. European Council for the Village and Small Town, 2006) and excludes bioclimatic stratification systems (e.g. Bakkestuen et al., 2008; Metzger et al., 2013; Bailey, 2014) , none of which do not explicitly addresses observable landscape elements. Landscape characterisation studies do not always have to be expressed in spatial form and discrete units due to criterion h), but for many purposes, a spatial representation including a division of the landscape in the study area into discrete units is a prerequisite. In this review, we are explicitly interested in such approaches.
Even though the set of 54 references selected by criteria (a-i) is far from exhaustive, we consider this set to be representative for the main contemporary approaches to general-purpose characterisation of landscapes, sufficient for a quantitative analysis of relationships between methods.
Variables used to characterise the approaches
In order to reveal patterns and structure in the material (Table 1) , statistical analyses were applied complementary to a careful and close reading of the approaches included in the review. Twenty-seven variables, listed in Table 2 , were recorded for each of the 54 landscape characterisation approaches to describe their basic properties. The variables applied in the analysis were developed by iterations. Variables that were strongly correlated and expressed almost the same properties, were merged together prior to the multivariate statistical analyses (e.g. the three original categories 'hydrology', 'wetlands' and 'glaciers' were merged to one category: 'hydrography' before the statistical analyses). Publication year (Pub) 1990-2016 was recorded as a discrete variable. The extent (Ext) of the study area was recorded as the base-10 logarithm of its total area (in km 2 ). Relative relief (Rel) was recorded as the difference between the highest-and lowest-situated points in the area, in m. The variable 'spatial resolution' (Res) expressed, on a relative scale, the level of detail addressed in the study. For multi-level hierarchical examples we addressed the most detailed scale containing an area-covering map. As a benchmark for the Res variable we used the length of grid-cell or pixel edges in studies that made use of rasterised data. The resolution or spatial grain of polygon-based studies (including studies in which maps with landscape-unit polygons were presented without documented analysis) was taken as the length (in the terrain) of the minimum polygon dimension of 2 mm. For a landscape mapped to scale 1:200 000, 2 mm × 200 000 = 400 000 mm = 0.4 km (Table S1 , Appendix A in Supplementary data). The variable 'observer independence' (Obsi), which expresses the degree to which the study in question relies on human interpretation vs. quantitative data and rigorous statistical analyses, was recorded as a semi-quantitative variable with five classes by use of the criteria listed in Table S2 (Appendix A in Supplementary data).
The five (semi-)quantitative variables (Pub, Ext, Rel, Res and Obsi) were transformed to zero skewness (formulae given in Table S3 , Appendix A in Supplementary data) in order to improve homoscedasticity (Økland et al., 2001 ). After transformation, each variable Table 1 The 54 references that make up the data set, which is analysed for properties of landscape characterisation approaches in this study. was ranged onto a standard scale with 0 and 1 as minimum and maximum values, respectively. All the remaining 22 variables were binary factor variables. 'Landscape concept' (Bphy) separates the approaches into two groups according to the landscape concept used; a biophysical landscape concept (1) or a holistic landscape character assessment (LCA) concept (0). Most studies were easily affiliated with one of the landscape concepts. 'Typology' (Typo) separates the approaches according to HoltJensen (2009) by their end product into a nomothetic typology (1; describing objective geographical phenomena in general) or an idiographic chorology (0; addressing the individual character of singular areas, landscape units or regions). Some studies, predominantly LCAstudies, include both a typology and a chorology. The typology included in such studies is most often a coarse and pragmatic grouping of character areas that share some key characteristics, while the end product is the chorology (landscape character areas). These studies have therefore been scored as idiographic chorologies. The variable 'Spatial unit: polygon' (Poly) separates approaches according to the spatial units they use: nominal raster cells (0) or vectorised polygons (1).
The remaining 19 variables in Table 2 represent categories of landscape characteristics that were used (1) or not used (0) to identify landscape types and/or character areas. Characteristics used post hoc to describe the landscape units in detail are scored as not used (0). The category 'Land cover' is applied in multiple ways throughout the various approaches. Selected land cover types are scored separately when they are explicitly used to identify landscape types or character areas (e.g. vegetation), in addition to land cover as a general category. Whereas 'land cover' refer to the physical land cover type (such as forest or open water), 'land management' is a more complex variable that describes how people use and manage the land in multiple, often overlapping ways. Due to incomplete information throughout the references, we were not able to address variables such as the conceptual scale (i.e. the level of generalisation), number of hierarchical levels, or the explicit purpose of the various approaches. The data matrix with values for the 27 variables for the 54 approaches is given in Appendix B in Supplementary data.
Statistical analysis
Relationships between variables were assessed by calculation of pairwise Kendall rank correlations (τ) (Kendall, 1938) , chi-square tests of independence (e.g. Sokal and Rohlf, 1995) and paired Wilcoxon-Mann-Whitney-tests (e.g. Sokal and Rohlf, 1995) . Pairwise relationships between all variables are given in Appendix B in Supplementary data, Table S5 .
Ordination methods were used to summarise the main gradients of coordinated variation among the 54 approaches, as characterised by the 27 variables. Ordination methods sort the observation units (the landscape characterisation approaches) so that observation units with similar methodological characteristics are placed near each other in the conceptual geometric space spanned by the ordination axes and Table 2 The 27 variables used to characterise landscape characterisation approaches, including summary statistics. Abbr = abbreviation. Statistical variable categories: C = continuous variable, B = binary variable. n = number of presences (1) for binary variables. SD = standard deviation. Transformation: statistical transformation applied prior to multivariate statistical analysis: log 10 = transformed to base-10 logarithm; ZS = zero-skewness transformation, R = ranging to 0-1 scale. A '+' sign between transformations implies that the transformations are applied successively. (Økland, 1990; Legendre and Legendre, 2012) . Moreover, ordination methods sort observation units along axes of decreasing importance, i.e. in order of decreasing variation in methodological characteristics explained. To transform these patterns into a clear understanding of gradients in methodological characteristics, the ordination results have to be interpreted (Økland, 1990) . Interpretation was performed by statistical methods such as correlation analysis and Wilcoxon-MannWhitney tests as well as by use of statistical visualisation tools (see Oksanen et al., 2016) . The gradient structure of the data set, with 54 approaches characterised by 27 variables, was extracted by parallel use of detrended correspondence analysis (DCA; Hill, 1979; Hill and Gauch, 1980) and global non-metric multidimensional scaling (GNMDS; Kruskal, 1964a, b; Minchin, 1987) . Only axes identified by both methods were considered reliable gradients, as recommended by Økland (1996) . Three GNMDS axes were confirmed by DCA (Appendix A in Supplementary data), and provided the basis for further statistical interpretation. R version 3.3.2 (R Core Team, 2016) with the package vegan, version 2.4-1 (Oksanen et al., 2016) was used for all statistical analyses. Detailed information about the statistical analyses is provided in Appendix A in Supplementary data.
Results

Basic properties of the reviewed approaches
The whole time span from 1990 to 2016 was represented in the data set (Fig. 1a) . Fig. 1b shows that the extent of study areas ranges from 212 km 2 to the whole terrestrial land mass of the world. Mean 'relative relief' in the study areas (Fig. 1c) , was 2392 m. Most of the approaches (72%) addressed map scales from 1:50 000 to 1:500 000 or used a grid with a resolution of 1 × 1 km cells (Fig. 1d) . Distribution of values for observer-independence (mean = 1.78, Fig. 1d ), showed that the material covered the whole range from interpretative, expert-based methods to more observer independent approaches based on rigorous statistical analysis of a sample of observation units. Thirty-one (57%) and 23 (43%) approaches were conducted within biophysical and holistic/LCA landscape concepts, respectively. A division into spatial units was most often accomplished by the use of vectorised polygons (80%). The geo-ecological landscape variables landform (96%), vegetation (82%), geology (67%) soil (63%) and hydrography (57%) were most frequently used to identify landscape units (Table 2 ; Fig. 2 ). Landform was included as a central variable in Table S1 and e) observer independence according to Table S2 . the characterisation processes also when the relative relief in the study areas was low. General land cover (83%) was the variable most often used to represent human influence on the landscape in the approaches, while specific land-use related variables such as agriculture (54%) and buildings and infrastructure (52%) were used in approximately half of the approaches. History was the most common socio-cultural variable (32%), followed by architecture/cultural heritage (26%) and scenicaesthetic features (19%). User participation was included in the characterisation process in six approaches (11%).The degree of observer independence increased with time (Fig. 3a) . Increasing observer independence over time was clearly associated with increasing use of a biophysical landscape concept; mean observer independence was 0.65 for biophysical approaches and 0.22 for LCA/holistic approaches. The level of detail decreased with increasing extent of the study area (Fig. 3b) , with a notable exception of the detailed study with worldwide coverage by (Sayre et al., 2014) .
A typology as an end product was slightly more common with a biophysical (25 out of 31; 80%) than with a LCA/holistic approach (11 out of 23; 48%). Use of grid cells was typical of approaches using a biophysical landscape concept (Chi-square test of independence χ² = 8.178, p = 0.0042, see Appendix B in Supplementary data).
Ordination
The main gradient in the set of 54 landscape-characterisation approaches, as revealed by GNMDS axis 1 (Fig. 4a, Table 3 ), separated approaches based upon holistic landscape concepts (low scores) from approaches based upon biophysical landscape concepts. The main gradient was also clearly related to observer independence, which increased towards the biophysical landscape-concept end of GNMDS axis 1 (Fig. 4a, Table 3 ). The centroids of socio-cultural landscape variables used for characterising landscapes were placed near the 'holistic end' of the gradient (Fig. 4b, Table 3) , showing that use of this group of positively related variables was typical for holistic approaches. Similarly, the bioclimatic variables climate and altitude were also positively related and typically associated with approaches based upon a biophysical landscape concept (Fig. 4b, Table 3 , Table S5 ).
The second axis revealed a gradient from older, intuitive and expertbased approaches to increasing use of observable and measurable variables related to human land use. The variables associated with GNMDS axis 2 were publication year, observer independence, agriculture, buildings and infrastructure, land cover and geology (Table 3) .
The variables associated with GNMDS axis 3 were hydrography, biodiversity and the use of typology (Table 3 ). This axis summarised residual variation in the use of geo-ecological landscape variables that was not clearly related to axis 1 or 2.
Discussion
Main methodological differences; Landscape concept, observer independence and variables included in the characterisation process
The ordination results reveal a pattern of variation in methodological properties that is gradual and 'multidimensional'. Nevertheless, a very clear trend was identified, reflected in the variation from the lower left in the ordination diagram to the middle and upper right (Fig. 4a) . This trend is related to the complex interaction of a) landscape concept, b) degree of observer independence, and c) the various factors involved in the landscape characterisation process. Interestingly, these factors tend to be more strongly decisive for the choice of methodology than, e.g. the physical properties of the area that is the subject of the landscape characterisation (as recorded in the review by the variables areal extent and relative relief of the study area).
When Groom (2005) made a review of several landscape classifications in Europe, he concluded that the majority of the classifications were based on expert knowledge and elaborated in a top-down manner. Highly automated derivation of landscape types and character areas were limited (Groom, 2005; Van Eetvelde and Antrop, 2009) . The results show that this has changed since 2005, and that this development is associated with both the applied landscape concept and the selection of variables included in the characterisation process.
Principally different methodological approaches to landscape characterisation
Although the variation in methodological properties is gradual, three substantially different methodological approaches are identified and discussed below. The first group of approaches [placed on the (lower) left side of the ordination diagram in Fig. 4a and b] is associated with a holistic landscape concept, and consists of intuitive, interpretative approaches. These approaches seek to include many aspects of the landscape in the characterisation process, including visual perception, history, architecture and scenic-aesthetic values in addition to geo-ecological aspects and structural variation. Typical examples are LCA-approaches from the UK (Swanwick, 2002; Julie Martin Associates and Swanwick, 2003) , various Scandinavian adaptations of the LCAmethod (Clemetsen and Knagenhjelm, 2011; Miljøministeriet Naturstyrelsen, 2011; Trafikverket, 2012) and the Landscape Atlases of France (Raymond et al., 2015) and Catalonia (Nogué et al., 2016) . Some of these approaches are even open to the inclusion of feelings, memories or associations in the characterisation process (e.g. Swanwick, 2002) . It is not always clear how these different aspects of the landscape affect the characterisation process, since both the delineation of units and the process of character assessment in these Fig. 3. Scatterplots of a) the relationship between observer independence and publication year (Kendall rank correlation, τ = 0.3953, p = 0.0002) b) the relationship between the level of detail/spatial resolution and area covered by the landscape characterisation study (Kendall rank correlation, τ = 0.3399, p = 0.0006). Biophysical landscape concept indicated with green dots, holistic/LCA-approaches with red dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
methods to a large extent is intuitive, holistic and interpretative, and thus difficult to replicate. The six approaches in which user participation is part of the characterisation process all affiliate with this group of approaches (e.g. Raymond et al., 2015; Nogué et al., 2016) . In line with the findings of Brunetta and Voghera (2008) , our study indicate that user participation has a weak role in landscape characterisation applied at regional scales. Interestingly, examples of user participation in the characterisation process tend to be limited to discussions with 'focus groups' and NGOs, and in no case based upon the way a representative sample of the population perceives the landscape.
The second group of approaches, typically placed in the middle of the ordination diagram, includes examples of both biophysical and holistic methods. Approaches in this group build the characterisation process on a priori selection of variables, based on theory and tradition within the applied scientific discipline. A typical example is the approach of Mücher et al. (2010) in which the landscape is considered a complex function of eight 'factors', Landscape = f (C (t) , G (t) , H (t) , S (t) , V (t) , F (t) , LU (t) , STR (t) ); climate (C), geology and geomorphology (G), hydrology (H), soils (S), vegetation (V), fauna (F), land use (LU) and landscape structure (STR) and time (t). The ordering of factors by Mücher et al. (2010) from more to less 'basic' and 'independent' and from abiotic via biotic to cultural, reflects an understanding of landscape variation that can be traced back to original works of, e.g. von Humboldt and Bonpland (1807), Geddes (1915) and McHarg (1969) . Typical examples of studies based upon a priori defined key variables are Brabyn (2005) , Sayre et al. (2014) and Perko et al. (2015) . When this approach is combined with GIS-overlay techniques, the selection of characterisation variables are adjusted to available area-covering spatial data at the given resolution. Spatial overlaying of landscape component layers, which dates back to McHarg (1969) , is an important function of GIS that can be easily automated and implemented in landscape analysis (Brabyn, 2009) . GIS-based overlay analyses are most commonly used in biophysical approaches, but our results show an interesting trend towards higher observer independence also in approaches that include landscape perception and cultural variables. Notable examples are found in the upper middle part of the ordination diagram (bordering on the next group), and includes Table 2 ) and ordination axes, with observation units shown by grey dots. Quantitative variables are represented by arrows pointing in the direction of maximum increase of the variable (relative lengths of arrows are proportional to the correlation between the recorded variable and the ordination axis). Binary variables are represented by the abbreviated name, placed at the centroid for the presence class (value = 1; the centroid for the absence class is placed at opposite side of the origin (not shown). Axes are scaled in half-change (H.C.) units.
the landscape characterisation method used in New Zealand (Brabyn, 2009) , LCA approaches from South-Korea (Kim and Pauleit, 2007) and Turkey (Uzun et al., 2011) and the Living Landscapes approach in the UK (Warnock and Griffiths, 2014) . The latter is developed with the intention of improving the consistency of LCA in the United Kingdom.
The third group of approaches exclusively adopt a biophysical landscape concept. These methods are closer to being 'mapping' than 'character assessment'. The characterisation process includes a strong element of statistical analyses of the landscape element composition in a sample of observation units. These methods are referred to as 'parametric' by Antrop and Van Eetvelde (2017) . Subjectivity is restricted to the choice and definition of input variables and the choice of statistical methods. Typical examples are located in the upper middle and the upper right part of the ordination diagram (e.g. Van Eetvelde and Antrop, 2009; Castillo-Rodríguez et al., 2010; Chuman and Romportl, 2010; Soto and Pintó, 2010; Alcántara Manzanares and Muñoz Álvarez, 2015; Erikstad et al., 2015; García-Llamas et al., 2016) . The main principles of the multivariate characterisation methods are: 1) a division of the landscape into fixed spatial units (either regular cells or vectorised polygons), 2) recording of a broadest possible selection of physical landscape attributes within the spatial units, and 3) multivariate statistical analyses of the data in order to classify or group landscape units into generic landscape types or distinct areas with similar characteristics. An early example of this approach was the study by Blankson and Green (1991) , while a pioneering work at broader scales is the land classification of Great Britain (Bunce et al., 1996a, b) .
Within multivariate approaches, hierarchical clustering techniques are commonly used, often in combination with unsupervised classification (Van Eetvelde and Antrop, 2009; Castillo-Rodríguez et al., 2010; Chuman and Romportl, 2010; Soto and Pintó, 2010; Fňukalová and Romportl, 2014; Alcántara Manzanares and Muñoz Álvarez, 2015; Erikstad et al., 2015; García-Llamas et al., 2016) . A distinctive approach based upon multivariate analyses is applied by Erikstad et al. (2015) who first collected a broadest possible set of variables for as many characteristics as possible as the base for the characterisation process, with the aim not to identify clusters of areas with similar characteristics but to identify 'landscape gradients', i.e. 'parallel, gradual or stepwise variation in the presence and/or abundance of landscape elements' (Erikstad et al., 2015) . The resulting typology is obtained by dividing the few complex landscape gradients that explain most variation in the composition of landscape elements into standard intervals, and then defining landscape types by combining intervals along several gradients.
Methodological development over time
The ordination analyses reveal a second gradient related to development over time, which is also related to which landscape variables are included in the characterisation process and the degree of observer independence. Within the biophysical approaches, the trend towards increasing observer independence over time is very clear (Fig. 3a) . With three exceptions, all biophysical approaches published after 2005 are based either on stepwise, criteria-based GIS overlay techniques (Bastian, 2000; Otahel, 2004; Perko et al., 2015) , multispectral segmentation (Mücher et al., 2010) , or GIS-analysis in combination with multivariate statistical analysis (e.g. Van Eetvelde and Antrop, 2009; Castillo-Rodríguez et al., 2010; Chuman and Romportl, 2010; Soto and Pintó, 2010; Alcántara Manzanares and Muñoz Álvarez, 2015; García-Llamas et al., 2016) . Holistic methods tend to remain intuitive, descriptive and expert-oriented, although some exceptions exist. With one notable exception (Brabyn, 2009) , none of the holistic approaches include any of the quantitative indicators of visual landscape perception that have been proposed as a result of research during the recent years (e.g. Tveit et al., 2006; Fry et al., 2009; Ode et al., 2009) . A possible explanation is that automatisation of LCA-based mapping approaches including cultural and visual variables is limited by lack of consistent, area-covering spatial data for cultural-historical factors (Van Eetvelde and Antrop, 2009; Mücher et al., 2010) . 
Scale and level of detail
As expected, the level of detail (spatial grain) in the landscape characterisation decreases with increasing area (spatial extent). Early examples of characterisation of large regions or continents (Meeus, 1995; Lioubimtseva and Defourny, 1999) were coarse in typology and rather inaccurate, partly due to a lack of systematic digital information with a high-spatial accuracy and computer supported data processing (Mücher et al., 2010) . This might change with new technology, as indicated by the notable study developed by Sayre et al. (2014) . 'A New Map of Global Ecological Land Units' is a 250 m spatial resolution global map and database of 'ecological land units' derived from a stratification of the earth into unique physical environments and their associated vegetation. The mapping approach first characterises the climate regime, the landforms, the geology, and the land cover of the earth, and then models terrestrial ecosystems as a combination of those four land surface characteristics (Sayre et al., 2014) . As such, the work is a classic example of a physical geographic approach to understanding ecological diversity at the landscape level. The detailed resolution combined with the large areal extent demonstrates the opportunities that comes with new technology.
Spatial units
The spatial units have different names in the different methods, and are referred to as landscape character areas (Swanwick, 2002) , landscape areas (Erikstad et al., 2015) , landscape units (Nogué et al., 2016) , environmental units (Castillo-Rodríguez et al., 2010) , land description units (Warnock and Griffiths, 2014) , microgeochores (Bastian, 2000) and land classes (Bunce et al., 1996b) .
It is not surprising that the use of polygons, as opposed to cells, is associated with a holistic landscape concept, as many of the automated characterisation methods use a grid as a basis for spatial and statistical analysis. Advantages of using a standard sample unit of a constant size (e.g. 1 × 1 km cells) are that grids are easily applied over large areas and that the subjective judgement involved in using naturally defined sample units is removed (Zonneveld, 1989 ). However, a major drawback is that each sample unit invariably represents a mixture of landforms and land-cover types (Bunce et al., 1996a) , and that fundamentally different ecosystems such as mountains and ocean systems might be included in the same unit. The grid as a spatial framework thus forces the landscape into a straitjacket by failing to capture the 'grain' of the landscape, which varies continuously, both physically and culturally (Warnock and Griffiths, 2014) . By contrast, LCA approaches tend to be more holistic, starting with the construction of a spatial framework that is gradually filled as more detailed information becomes available. In the biophysical approaches of Castillo-Rodríguez et al. (2010) and Erikstad et al. (2015) , landscape units consisting of vectorised polygons are derived form a rule-based delineation from geomorphological units, before they are typified according to the results from of multivariate statistical and analyses and GIS-overlay techniques.
General findings and implications
Our study confirms the main findings of previous reviews and comprehensive overviews (Groom, 2005; Antrop and Van Eetvelde, 2017 ) that a variety of different methods are used in assessment and characterisation of landscapes at different scales. The patterns revealed by the statistical analyses clearly confirm existence of a major distinction between approaches rooted in the natural sciences and approaches rooted in the arts and the humanities. Furthermore, three distinct methodological approaches were identified: 1) 'holistic' landscape character assessment approaches, by which visual perception and sociocultural aspects of the landscape are emphasised; 2) landscape characterisation methods based on a priori selection of geo-ecological and land-use-related properties of the landscape; and 3) biophysical landscape characterisation approaches which rely strongly on statistical analyses in order to identify gradients of variation in the presence and/ or abundance of landscape elements and properties. The variation in methodological properties (Fig. 4) is, however, gradual and 'multidimensional'.
Even though the reviewed approaches emphasise different aspects of the landscape and the way it is perceived, they all share some basic properties. Most notably; they are all integrative, they include both natural and human factors, and thus emphasise on interactions among humans and their surroundings. All approaches address the composition of landscape elements on a conceptual scale less detailed than that of e.g. an ecosystem and more detailed than biomes or regions. Broadscale landforms and the composition of key geo-ecological and visible land-use-related variables are taken into account by all of the reviewed methods, either as an end product or as a part of the data used for the assessment process.
Many of the patterns established by the statistical analyses were expected; e.g. the correlation between the extent of the study area and the level of spatial resolution/details, that typologies were more common within biophysical than within holistic/LCA approaches, and that the landscape concept applied were more decisive for the methodology that physical properties of the study area. Less obvious were the findings that biophysical landscape characterisation approaches have become more evidence-based and repeatable over time, while holistic methods have remained intuitive and expert-based. Our review indicates that user participation has a weak role in landscape characterisation applied at regional scales, regardless of landscape concept applied.
Several authors (Bunce et al., 1996b; Van Eetvelde and Antrop, 2009; Blasi et al., 2014; Warnock and Griffiths, 2014; Erikstad et al., 2015) argue that the two, both valid, traditions of landscape research may be complementary, and that they may be appropriate for different steps in a two-step procedure for treatment of landscape issues by which landscapes are first typified, characterised and mapped in accordance with the natural science-based material landscape tradition. The resulting landscape maps and datasets may form an appropriate framework for: a) addressing specific research questions within landscape ecology and physical geography, such as the spatial distribution of landscape elements, assessment of landscape changes, studies of patterns, structure and processes b) assessment of landscape character, human perception and sociocultural relations to the landscape, historical landscape evaluation, citizen participation and policy-making, or as a tool for negotiating landscape values
Application of stepwise approaches, or combining complementary methods specifically directed towards user needs, may thus compensate for limitations and trade-offs of single methods.
Conclusion
Although 'landscape' is often regarded as a unifying and interdisciplinary concept, our review indicates that there are substantial differences between landscape characterisation methods, and that no single method can address all dimensions of the landscape without important trade-offs. As the choice of methodological approach will directly determine, and often constrain, the applicability and usefulness of the resulting typologies for applied purposes, multiple landscape characterisation methods are needed in order to address different purposes and user needs. For landscape research, planning and management to be evidence-based, we suggest that more emphasis should be put on testing the relevance of the various landscape characterisation efforts in relation to the purpose of the characterisation, as well as their accuracy and reliability. Understanding the strengths of biophysical and holistic approaches may provide opportunities for improved strategies for landscape management that better comply with e.g. the intentions of the European Landscape Convention to incorporate landscapes in democratic processes, while at the same time enabling much needed progress in making the landscape level relevant for environmental sciences.
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